Introduction {#j_tnsci-2018-0031_s_001}
============

Epilepsy is a prevalent neurological disorder characterized by recurrent unprovoked seizures \[[@j_tnsci-2018-0031_ref_001]\]. The seizures are resistant to currently available antiepileptic drugs (AEDs) in around 30% of patients \[[@j_tnsci-2018-0031_ref_002]\]. There is a demand for novel therapeutic agents and more effective treatment approaches, such as concurrent administration of two or more AEDs \[[@j_tnsci-2018-0031_ref_003],[@j_tnsci-2018-0031_ref_004]\]. There is accumulating evidence of conventional AED side effects, including cognitive dysfunction, recurrent seizures, and psychiatric problems \[[@j_tnsci-2018-0031_ref_005]\]. Therefore, the development of drugs with great antiepileptic potential and negligible or no side effects is crucial for the treatment of epilepsy.

A better understanding of the pathology underlying seizure initiation and progression and associated factors would be useful for the identification of molecular targets for novel AEDs. The experimental induction of seizures with pentylenetetrazole (PTZ), a chloride (Cl^−^) channel blocker on gamma-aminobutyric acid (GABA)~A~ receptors, is a widely used experimental model for epilepsy \[[@j_tnsci-2018-0031_ref_006],[@j_tnsci-2018-0031_ref_007]\]. GABA, the primary inhibitory neurotransmitter, and its receptors mediate inhibitory neurotransmission and prevent neuronal overexcitation \[[@j_tnsci-2018-0031_ref_008]\]. Glutamic acid decarboxylase 65 (GAD65) catalyzes the conversion of glutamate to GABA through decarboxylation \[[@j_tnsci-2018-0031_ref_009]\]. The expression of GAD and GABA receptors is closely associated with epileptic conditions \[[@j_tnsci-2018-0031_ref_010], [@j_tnsci-2018-0031_ref_011], [@j_tnsci-2018-0031_ref_012], [@j_tnsci-2018-0031_ref_013]\]. Brain-derived neurotrophic factor (BDNF), upon binding to the tropomyosin receptor kinase B (TrkB) receptor, activates several downstream protein kinases that, in turn, activate target proteins that stimulate the presynaptic release of mediators or modify postsynaptic receptors, including GABA~A~ \[[@j_tnsci-2018-0031_ref_014],[@j_tnsci-2018-0031_ref_015]\]. Furthermore, BDNF regulates phosphatidylinositol 3-kinase (PI3K)/Akt signaling \[[@j_tnsci-2018-0031_ref_016]\], which is crucial for synaptic plasticity, and plays a key role in learning and memory formation \[[@j_tnsci-2018-0031_ref_017],[@j_tnsci-2018-0031_ref_018]\].

Clonazepam (CZP), a widely used AED \[[@j_tnsci-2018-0031_ref_019],[@j_tnsci-2018-0031_ref_020]\], affects GABA function and exerts anticonvulsant effects. CZP binding to the benzodiazepine site of GABA~A~ receptors increases Cl^−^ influx in neurons, which inhibits synaptic transmission \[[@j_tnsci-2018-0031_ref_021]\]. However, the usefulness of CZP as a standard treatment for epilepsy is limited by its potential side effects, including sedation and resistance related to long-term drug use \[[@j_tnsci-2018-0031_ref_019]\]. Recent research has focused on the antiepileptic effects of plant-derived compounds \[[@j_tnsci-2018-0031_ref_022],[@j_tnsci-2018-0031_ref_023]\]. Nobiletin, a flavonoid found in citrus peels, reportedly possesses several bioactive properties, including anticancer \[[@j_tnsci-2018-0031_ref_024],[@j_tnsci-2018-0031_ref_025]\], anti-inflammatory \[[@j_tnsci-2018-0031_ref_026]\], and neuroprotective activities \[[@j_tnsci-2018-0031_ref_027],[@j_tnsci-2018-0031_ref_028]\]. We investigated the antiepileptic effect of nobiletin administered alone and in combination with CZP following PTZ-induced seizures in mice.

Materials and Methods {#j_tnsci-2018-0031_s_002}
=====================

Reagents and chemicals {#j_tnsci-2018-0031_s_002_s_001}
----------------------

PTZ (P6500) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in freshly prepared saline solution prior to administration. Antibodies against Akt, p-Akt, GSK-3β, mTORc1, p-mTORc1, mTORc2, p-mTORc2, cleaved caspase-3, BDNF, TrkB and nGAD65 were purchased from Cell Signaling Technology (Danvers, MA, USA). GABA~A~, p-GSK-3β, Phosphatase and tensin homolog (PTEN), Bax, Bcl-2, Bad, Bcl-xL and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and were used for expression analysis. Nobiletin and the remaining chemicals were obtained from Sigma-Aldrich.

Animals {#j_tnsci-2018-0031_s_003}
=======

C57BL/6 mice (23 ± 2 g; 5--6 weeks old) were housed under standard conditions (23 ± 1°C; 55--60% humidity; 12 h light/dark cycle). The mice had *ad libitum* access to standard mouse food pellets and water and were acclimatized for 5 d to the environmental conditions prior to the experiments. The study and experimental design were approved by the Animal Studies Ethical Committee of Liaocheng People's Hospital, and the protocols used and handling of animals were in strict accordance with international guidelines \[[@j_tnsci-2018-0031_ref_029]\].

Seizure induction {#j_tnsci-2018-0031_s_003_s_001}
-----------------

The mice were randomly divided into 9 groups (n = 18/group). Individual groups received nobiletin (12.5, 25, or 50 mg/kg) administered via oral gavage for 6 consecutive days and 45 min prior to PTZ injection. The doses were based on previous studies conducted in our laboratory (data not shown). PTZ was dissolved in freshly prepared saline solution at a volume of 0.005 mL/g of body weight and administered subcutaneously (s.c.) into a loose fold of skin in the midline of the neck.

CZP (freshly prepared in a 1% solution of Tween 80 in distilled water for each use) was administered intraperitoneally (i.p.) as a single injection in a volume of 5 mL/kg 15 min prior to PTZ administration, behavioral tests, and tissue analysis for protein expression \[[@j_tnsci-2018-0031_ref_006], [@j_tnsci-2018-0031_ref_030], [@j_tnsci-2018-0031_ref_031], [@j_tnsci-2018-0031_ref_032]\]. CZP doses were between 0.015 and 2.0 mg/kg \[[@j_tnsci-2018-0031_ref_031]\]. Control animals did not receive nobiletin or PTZ but were administered an equal volume of saline solution. Mice treated with PTZ but not nobiletin served as epileptic controls. PTZ (92 mg/kg, s.c.) was administered to induce clonic seizures. This dose reportedly produces clonic seizures in 97% of mice \[[@j_tnsci-2018-0031_ref_031]\]. Different groups of mice were treated with nobiletin (12.5, 25 or 50 mg) and/or CZP before the administration of PTZ to assess their individual and combined effects on clonic seizures.

PTZ-induced clonic seizures {#j_tnsci-2018-0031_s_003_s_002}
---------------------------

Following the administration of PTZ, the animals were observed for 30 min and scored for seizure activity. Clonic seizures were defined as clonus of the whole body lasting for more than 3 s with loss of the righting reflex. The seizures were scored as: (1) one or more generalized myoclonic twitches of the whole body; (2) repeated clonic seizures of the limbs without loss of righting reflexes; (3) generalized clonic seizures lasting more than 3 s with loss of righting reflexes, where the animal falls onto one side during the generalized clonus; (4) loss of righting reflexes followed by tonic forelimb seizure; and (5) loss of righting reflexes with tonic seizures in both limbs \[[@j_tnsci-2018-0031_ref_033]\].

Grip strength assessment {#j_tnsci-2018-0031_s_003_s_003}
------------------------

The effects of nobiletin (50 mg/kg) administered alone or in combination with CZP on skeletal muscle strength were assessed using the grip strength test as described by Meyer *et al*. \[[@j_tnsci-2018-0031_ref_034]\] with minor modifications. The test was conducted 15--20 min after CZP administration. The apparatus consisted of a wire grid (8 × 8 cm) connected to an isometric force transducer. Mice were lifted by the tail so they could grasp the grid with their forepaws, then they were gently pulled backwards by the tail until they lost their grip on the grid and were released. The maximum grip force exerted by each mouse before losing its grip was recorded. Muscle strength was expressed in newtons (N).

Chimney test {#j_tnsci-2018-0031_s_003_s_004}
------------

We used the chimney test to assess motor performance following the administration of PTZ \[[@j_tnsci-2018-0031_ref_035]\]. The animals were forced to climb backwards up a 30-cm-long plastic tube with a 3-cm inner diameter. Motor impairment was defined as the inability to climb backwards within 60 s.

Measurement of neuronal apoptosis {#j_tnsci-2018-0031_s_003_s_005}
---------------------------------

We assessed the effect of nobiletin (50 mg/kg) and CZP on neuroapoptosis. Mice were killed by decapitation 36 h following PTZ administration, and the whole brain was removed from the skull. Neuroapoptosis was assessed using the TUNEL (Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling) assay \[[@j_tnsci-2018-0031_ref_036]\]. Brain tissue sections (5-μm thick) taken from the same level of the hippocampus in each mouse were subjected to analysis using the DeadEnd^TM^ Fluorometric TUNEL System kit (Promega, Madison, WI, USA). The sections were protected against exposure to direct light during the assay. TUNEL-positive cell counts in the hippocampal regions (CA1 and CA3) were viewed and assessed using NIS-Elements BR imaging processing and analysis software (Nikon Corporation, Tokyo, Japan).

Assessment of brain GABA and glutamate levels after PTZ administration {#j_tnsci-2018-0031_s_003_s_006}
----------------------------------------------------------------------

The mice were sacrificed following the administration of PTZ. Brain tissue was immediately isolated, weighed, and homogenized (0.1 M PBS (phosphate-buffered saline)) and GABA and glutamate (Glu) content in the tissues was measured using high-performance liquid chromatography with reference standards \[[@j_tnsci-2018-0031_ref_037]\].

Real-time polymerase chain reaction (RT-PCR) {#j_tnsci-2018-0031_s_003_s_007}
--------------------------------------------

RT-PCR analysis was performed to assess the effect of nobiletin on *BDNF* and *TrkB* mRNA expression. Total RNA was extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA). The cDNA first strand was synthesized using the RevertAid™ First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA). PCR was performed using the 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR® green fluorescence. The following primers were used: BDNF forward, 5^′^‑CGAAGAGCTGCTGGATGAG‑3^′^; BDNF reverse, 5^′^‑ATGGGATTACACTTGGTCTCG‑3^′^; TrkB forward, 5^′^‑CCTCCACGGATGTTGCTGA‑3^′^; and TrkB reverse, 5^′^‑GGCTGTTGGTGATACCGAAGTA‑3^′^. GADPH forward, 5^′^‑CCGTATCGGACGCCTGGTTA‑3^′^, GADPH reverse, 5^′^‑GGCTGTTGGTGATACCGAAGT A‑3^′^. *GAPDH* (Glyceraldehyde 3-phosphate dehydrogenase) mRNA was used as an internal control. The PCR products were then separated on agarose gel and visualized following ethidium bromide (0.05%) staining. The band intensities of the products were analyzed using a Bio‑Gel imagery apparatus (Bio‑Rad, Hercules, CA, USA).

Western blot analysis of expression levels {#j_tnsci-2018-0031_s_003_s_008}
------------------------------------------

Western blot analysis was performed to measure protein expression levels. Hippocampal tissue homogenized in lysis buffer was incubated for 30 min on ice. The total protein content of the tissue was determined using a bicinchoninic acid (BCA) assay kit (Bio-Rad). Equal amounts of protein (60 μg) from each group were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 10%), and the proteins were blotted onto polyvinylidene difluoride (PVDF) membranes (Invitrogen). The membranes were blocked in 3% BSA-TBST (room temperature; 40 min) and incubated with specific primary antibodies (4°C overnight). After washing with TBST, the membranes were incubated for 40 min at room temperature with a horseradish peroxidase-labeled secondary antibody (1:2,000). The immunoreactive bands were detected and analyzed using an enhanced chemiluminescence method (GE Healthcare, Piscataway, NJ, USA).

Statistical analysis {#j_tnsci-2018-0031_s_003_s_009}
--------------------

Statistical tests were conducted using the Statistical Package for the Social Sciences (SPSS) version 22.0 (SPSS Inc., Chicago, IL, USA). The data were subjected to multiple group comparisons using a one-way analysis of variance (ANOVA) followed by Duncan's multiple range test. P-values \< 0.05 were deemed to indicate statistical significance.

Results {#j_tnsci-2018-0031_s_004}
=======

Nobiletin and CZP reduced PTZ-induced seizure scores {#j_tnsci-2018-0031_s_004_s_001}
----------------------------------------------------

Systemic administration of nobiletin exerted anticonvulsant effects at doses of 12.5, 25, and 50 mg ([Figure 1](#j_tnsci-2018-0031_fig_001){ref-type="fig"}); however, the effect elicited by the 50-mg dose was more marked than that of the lower doses. Although CZP (0.02 mg/kg) significantly reduced PTZ-induced seizures (p \< 0.05), the effect was potentiated when the drug was administered in combination with nobiletin, particularly at the 50-mg dose.

![Nobiletin and clonazepam reduced PTZ-induced clonic seizures. Data are expressed as the percentage of animals exhibiting clonic seizures (mean ± SD), n = 6. p \< 0.05 as determined by a one-way analysis of variance (ANOVA) followed by Duncan's multiple range test. \*p \< 0.05 vs. control. a-h represent mean values from different experimental groups that differ from each other at p \< 0.05.](tnsci-09-211-g001){#j_tnsci-2018-0031_fig_001}

Effects of combined nobiletin and CZP on skeletal muscle strength {#j_tnsci-2018-0031_s_004_s_002}
-----------------------------------------------------------------

PTZ administration significantly decreased skeletal muscle strength compared with that of the control group (p \< 0.05; [Figure 2](#j_tnsci-2018-0031_fig_002){ref-type="fig"}). A single injection of CZP (0.018 mg/kg) prior to the PTZ-induced seizure enhanced skeletal muscle strength. The 50-mg dose of nobiletin significantly improved muscle strength and was more effective than the 12.5 and 25 mg doses; therefore, the 50-mg dose was used in further experiments. The combination of nobiletin and CZP was more effective in improving skeletal muscle strength than either agent alone (p \< 0.05).

![Nobiletin and clonazepam improved skeletal muscle strength after PTZ administration. Data are expressed as mean ± SD, n = 6. p \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-d represent mean values from different experimental groups that differ from each other at p \< 0.05.](tnsci-09-211-g002){#j_tnsci-2018-0031_fig_002}

Effects of nobiletin and CZP on motor performance following PTZ administration {#j_tnsci-2018-0031_s_004_s_003}
------------------------------------------------------------------------------

PTZ significantly impaired motor coordination: 10 of 12 mice exhibited impaired motor coordination in the chimney test ([Figure 3](#j_tnsci-2018-0031_fig_003){ref-type="fig"}). The performance of mice treated with nobiletin was markedly improved compared with that of PTZ-treated mice. A single injection of CZP (0.018 mg/kg) improved motor coordination in mice; however, the combined effect of nobiletin and CZP was greater than that of nobiletin or CZP alone ([Figure 3](#j_tnsci-2018-0031_fig_003){ref-type="fig"}).

![Nobiletin and clonazepam reduced PTZ-induced motor impairment that differ Data are expressed as mean ± SD, n = 6. p \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-e represent mean values from different experimental groups from each other at p \< 0.05.](tnsci-09-211-g003){#j_tnsci-2018-0031_fig_003}

Nobiletin significantly reduced neurodegeneration and apoptosis {#j_tnsci-2018-0031_s_004_s_004}
---------------------------------------------------------------

The TUNEL assay revealed a significant increase in TUNEL-positive cell counts in the hippocampus following administration of PTZ (p \< 0.05). Nobiletin supplementation reduced the number of TUNEL-positive cells, suggesting that the treatment inhibited apoptosis ([Figure 4a)](#j_tnsci-2018-0031_fig_004){ref-type="fig"}. TUNEL-positive counts decreased markedly in animals treated with CZP compared with the PTZ group. Moreover, combined CZP and nobiletin treatment significantly reduced the apoptotic cell count (p \< 0.05).

![Nobiletin reduced PTZ-induced neuronal apoptosis Nobiletin effectively reduced apoptotic cell counts as determined by TUNEL assay (a and b), Representative Western blot showing modulation of protein expression (c) and Nobiletin modulated the expression of apoptotic pathway proteins (d and e). Relative expression of proteins with control expression set at 100%. Data are expressed as mean ± SD, n = 6. p \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-d represent mean values from different experimental groups that differ from each other at p \< 0.05. L1, control; L2, PTZ; L3, PTZ + 50 mg/kg nobiletin; L4, PTZ + CZP; L5, PTZ + 50 mg/kg nobiletin + CZP.](tnsci-09-211-g004){#j_tnsci-2018-0031_fig_004}

We measured apoptotic protein expression to better understand the molecular events underlying the anti-apoptotic effect of nobiletin. PTZ produced a marked increase in expression of the pro-apoptotic proteins Bad and Bax

[(Figure 4 b-d)](#j_tnsci-2018-0031_fig_004){ref-type="fig"}. Pretreatment with nobiletin reduced the increase in Bad and Bax expression and cleaved caspase-3 levels. Bcl-2 and Bcl-xL expression was significantly upregulated in mice treated with nobiletin (p \< 0.05), indicating the inhibition of apoptosis. Combined administration of CZP and nobiletin significantly increased Bcl-2 and Bcl-xL expression and reduced the expression of cleaved caspase-3, Bad, and Bax. These findings suggest that nobiletin modulated proteins in the apoptotic pathway to inhibit apoptosis and enhanced the effects of CZP.

Nobiletin regulated BDNF-TrkB signaling following PTZ administration {#j_tnsci-2018-0031_s_004_s_005}
--------------------------------------------------------------------

The BDNF-TrkB signaling pathway is crucial for epileptogenesis \[[@j_tnsci-2018-0031_ref_038],[@j_tnsci-2018-0031_ref_039]\]. BDNF potentiates glutamatergic neurotransmission and inhibits GABAergic transmission \[[@j_tnsci-2018-0031_ref_040],[@j_tnsci-2018-0031_ref_041]\]. The PZT-induced increase in BDNF and TrkB expression at the mRNA and protein levels increased neuronal excitability and subsequently triggered seizures ([Figure 5](#j_tnsci-2018-0031_fig_005){ref-type="fig"} and [6](#j_tnsci-2018-0031_fig_006){ref-type="fig"}). Nobiletin pretreatment downregulated the expression of BDNF and TrkB significantly (p \< 0.05). Although CZP administration decreased the expression of BDNF and TrkB substantially, the effect was more pronounced with the addition of nobiletin. These findings suggest the anticonvulsant effects of nobiletin and CZP are due in part to inhibition of the BDNF-TrkB signaling pathway.

![Real-time polymerase chain reaction analysis of mRNA expression L1, control; L2, PTZ; L3, PTZ + 50 mg/kg nobiletin; L4, PTZ + CZP; L5, PTZ + 50 mg/kg nobiletin + CZP.](tnsci-09-211-g005){#j_tnsci-2018-0031_fig_005}

![Nobiletin and clonazepam regulate the expression of BDNF-TrkB and GABA~A~ and GAD65 proteins A representative Western blot is shown(a) and Relative expression of proteins (b and c) with control expression set at 100%. L1, control; L2, PTZ; L3, PTZ + 50 mg/kg nobiletin; L4, PTZ + CZP; L5, PTZ + 50 mg/kg nobiletin + CZP. Data are expressed as mean ± SD, n = 6. p \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-e represent mean values from different experimental groups that differ from each other at p \< 0.05.](tnsci-09-211-g006){#j_tnsci-2018-0031_fig_006}

Effects of nobiletin on GAD65 and GABAA expression {#j_tnsci-2018-0031_s_004_s_006}
--------------------------------------------------

The expression of GAD65 and GABA~A~ was suppressed in mice injected with PTZ compared with normal controls ([Figure 6a, b)](#j_tnsci-2018-0031_fig_006){ref-type="fig"}. Nobiletin upregulated GAD65 and GABA~A~ expression significantly (p \< 0.05). CZP administered alone slightly increased the levels of GAD65 and GABA~A~ expression; however, the effect was enhanced by combined CZP and nobiletin treatment, confirming the antiepileptic potential of nobiletin.

Nobiletin regulation of Glu/GABA levels {#j_tnsci-2018-0031_s_004_s_007}
---------------------------------------

The brain Glu/GABA balance plays a critical role in epileptogenesis \[[@j_tnsci-2018-0031_ref_011],[@j_tnsci-2018-0031_ref_013]\]. Nobiletin markedly

increased GABA levels and significantly decreased Glu levels (p \< 0.05), thereby normalizing the Glu/GABA ratio ([Figure 7](#j_tnsci-2018-0031_fig_007){ref-type="fig"}). CZP increased GABA levels slightly; however, combined nobiletin and CZP treatment enhanced the effect of CZP alone.

![Nobiletin and clonazepam restored the Glu/GABA balance. Data are expressed as mean ± SD, n = 6. *p* \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-d represent mean values from different experimental groups that differ from each other at p \< 0.05.](tnsci-09-211-g007){#j_tnsci-2018-0031_fig_007}

Effect of nobiletin and CZP on PI3K/Akt signaling following PTZ administration {#j_tnsci-2018-0031_s_004_s_008}
------------------------------------------------------------------------------

The PI3K/Akt pathway is expressed widely in developing brain cells and plays a major role in neuronal cell survival \[[@j_tnsci-2018-0031_ref_042]\]. PTZ significantly downregulated the PI3K/Akt pathway ([Figure 8 a-c)](#j_tnsci-2018-0031_fig_008){ref-type="fig"} by markedly decreasing expression of the phosphorylated forms of Akt and critical downstream targets, including p-mGSK-3β, mTORc-1, and mTORc-2. Moreover, PTZ increased the levels of PTEN, a negative regulator of PI3K/Akt signaling. Nobiletin pretreatment activated the PI3K/Akt pathway and increased phosphorylated Akt, GSK-3β, mTORc-1, and mTORc-2 levels. Additionally, nobiletin effectively downregulated PTEN, thus promoting cell survival through activation of the PI3K/Akt pathway. CZP treatment resulted in a noticeable increase in the phosphorylation levels of Akt, GSK-3β, mTORc-1, and mTORc-2, although the change was not statistically significant. Nobiletin pretreatment enhanced CZP-induced activation of the PI3K/Akt pathway, suggesting that the effects of CZP were potentiated by nobiletin.

![Nobiletin and clonazepam upregulated PI3K/Akt signaling following PTZ-induced seizure. A representative Western blot is shown (a) and Relative expression of proteins (b and c) with control expression set at 100%. L1, control; L2, PTZ; L3, PTZ + 50 mg/kg nobiletin; L4, PTZ + CZP; L5, PTZ + 50 mg/kg nobiletin + CZP. sData are expressed as mean ± SD, n = 6. p \< 0.05 as determined by a one-way ANOVA followed by Duncan's multiple range test. \*p \< 0.05 vs. control; \#PTZ vs. PTZ + 50 mg/kg nobiletin + CZP at p \< 0.05. a-d represent mean values from different experimental groups that differ from each other at p \< 0.05.](tnsci-09-211-g008){#j_tnsci-2018-0031_fig_008}

Discussion {#j_tnsci-2018-0031_s_005}
==========

The treatment of epilepsy is challenging because of the complexity of the disorder and the serious side effects of currently available medications. Furthermore, one-third of patients are resistant to single-drug therapy \[[@j_tnsci-2018-0031_ref_043]\], highlighting the need for more effective treatments. Concurrent administration of more than one AED has been suggested \[[@j_tnsci-2018-0031_ref_003],[@j_tnsci-2018-0031_ref_044]\]; however, this may increase the incidence of side effects associated with additional drug use. Recent studies have investigated the effectiveness of plant-derived compounds for the treatment of epilepsy alone or in combination with conventional AEDs \[[@j_tnsci-2018-0031_ref_045], [@j_tnsci-2018-0031_ref_046], [@j_tnsci-2018-0031_ref_047]\]. We assessed the effect of the flavonoid, nobiletin, on the efficacy of CZP.

Nobiletin effectively reduced the severity of PTZ-induced seizures. Moreover, nobiletin pretreatment enhanced the effect of CZP, and the combined treatment was more effective than either agent administered alone. Furthermore, combined treatment with nobiletin and CZP produced a marked increase in muscle strength and motor coordination, as measured by the chimney and grip tests, which was greater than that achieved by CZP or nobiletin alone. These findings highlight the potentiating effect of nobiletin.

Previous studies have shown that seizures induce neuronal death in the brain \[[@j_tnsci-2018-0031_ref_048], [@j_tnsci-2018-0031_ref_049], [@j_tnsci-2018-0031_ref_050]\]. We found clear evidence of neuronal apoptosis in the CA1 and CA3 hippocampal regions following PTZ administration. Nobiletin exerted a protective effect by significantly reducing the apoptotic cell count measured using the TUNEL assay. The significant elevations in caspase-3 levels and Bax and Bad protein expression confirmed that PTZ increased apoptosis in the mice. Nobiletin upregulated Bcl-xL and Bcl-2 and downregulated the expression of caspase-3, Bad, and Bax, suggesting that the flavonoid suppressed apoptosis. Nobiletin pretreatment significantly enhanced the protective effect of CZP, suggesting that the nobiletin/CZP-mediated modulation of protein expression may reduce neuronal cell loss. These results could be due to the additive effects of nobiletin administered with CZP.

The BDNF-TrkB signaling pathway plays an important role in epilepsy \[[@j_tnsci-2018-0031_ref_015],[@j_tnsci-2018-0031_ref_051]\]. Epileptogenic insult induces BDNF synthesis and activates TrkB receptors \[[@j_tnsci-2018-0031_ref_015],[@j_tnsci-2018-0031_ref_052]\]. We observed a marked increase in the expression of BDNF and TrkB after the administration of PTZ, suggesting that the convulsive agent activates the BDNF-TrkB pathway. Nobiletin treatment potentially inhibited BDNF-TrkB activity, thereby downregulating the BDNF signaling pathway. As reported previously, we found that the combination of CZP and nobiletin was more effective than either agent alone. Thus, reflecting the possible synergistic or additive effects of both the drugs. However, how nobiletin potentiated the effects of CZP is yet to be investigated. Several previous studies have shown that BDNF-TrkB signaling promotes epileptiform activity \[[@j_tnsci-2018-0031_ref_038],[@j_tnsci-2018-0031_ref_053]\]. Thus, downregulation of BDNF-TrkB may contribute to the suppression of seizures.

The balance between excitatory and inhibitory neurotransmitters has a critical effect on epileptogenesis \[[@j_tnsci-2018-0031_ref_054]\]. PTZ disturbs the Glu/GABA balance by increasing Glu and decreasing GABA levels. Combined nobiletin/CZP treatment restored the Glu/GABA balance by increasing GABA levels and markedly lowering Glu levels. Nobiletin increased the protein expression of GAD65, the rate-limiting enzyme in GABA synthesis \[[@j_tnsci-2018-0031_ref_013],[@j_tnsci-2018-0031_ref_037]\], and GABA~A~. Recent studies have suggested GAD65 and GABA~A~, the primary GABA receptor, as targets for novel AEDs \[[@j_tnsci-2018-0031_ref_011],[@j_tnsci-2018-0031_ref_013],[@j_tnsci-2018-0031_ref_054]\]. The ability to restore the Glu/GABA balance and increase the expression of GAD65 and GABA~A~ suggests that nobiletin has potent antiepileptic activity. BDNF has been shown to simultaneously potentiate glutamatergic and inhibit GABAergic neurotransmission \[[@j_tnsci-2018-0031_ref_015],[@j_tnsci-2018-0031_ref_055]\]; thus, combined nobiletin/CZP modulation of BDNF expression and BDNF-TrkB signaling may have contributed to the improved Glu/GABA balance. Although CZP altered Glu/GABA levels and BDNF-TrkB signaling, the effects were noticeably more pronounced with nobiletin pretreatment as seen in the expressions of apoptotic proteins.

The PI3K/Akt signaling pathway is a key regulatory pathway involved in neuronal cell proliferation, growth, and cell survival \[[@j_tnsci-2018-0031_ref_041]\]. Activation of the pathway has been shown to exert neuroprotective effects against seizures \[[@j_tnsci-2018-0031_ref_056],[@j_tnsci-2018-0031_ref_057]\]. PTZ administration downregulated the pathway as evidenced by a marked decrease in the activation of Akt, a key downstream regulator of the pathway that exerts neuroprotective actions \[[@j_tnsci-2018-0031_ref_056]\]. Phosphorylation of crucial proteins in the pathway, including mTORc1, mTORc2, and GSK-3β, was suppressed significantly by PTZ administration. The PI3K/Akt signaling pathway was activated by nobiletin, as indicated by marked increases in the expression of phosphorylated Akt, mTORc1, mTORc2, and GSK-3β together with the suppression of PTEN levels. Previous studies have found that activated Akt inhibited the expression of the Bad and Bax proteins and induced Bcl-2 and Bcl-xL \[[@j_tnsci-2018-0031_ref_057], [@j_tnsci-2018-0031_ref_058], [@j_tnsci-2018-0031_ref_059]\]. Although, CZP administered singly, activated the PI3K/Akt pathway, the effect of combined CZP/nobiletin treatment was greater than that of CZP alone, indicating the synergistic or additive effect of both the drugs. Therefore, nobiletin/CZP-mediated inhibition of apoptosis may result from a direct action of nobiletin on apoptotic pathway proteins, due in part to activation of the PI3K/Akt pathway.

Conclusion {#j_tnsci-2018-0031_s_006}
==========

Our findings demonstrate that nobiletin has antiepileptic properties that protect against PTZ-induced seizures. Moreover, nobiletin potentiated the effects of CZP; CZP in combination with nobiletin significantly reduced the severity of seizures via the modulation of GAD65/GABA~A~ expression and the BDNF-TrkB and PI3K/Akt signaling pathways. Our findings suggest that nobiletin is a potent antiepileptic candidate drug that could be administered alone or in combination with conventional AEDs. However, clinical studies are needed to further investigate the possible molecular events underlying the antiepileptic effects of nobiletin.
